Protein complexes from the oxidative phosphorylation (OXPHOS) system are assembled with the help of 1 7 proteins called assembly factors. We here delineate the function of the inner mitochondrial membrane protein 1 8
). TMEM70 knockout cell line and on controls. We compared two HAP1 wild-type cell lines with one mutant cell 1 0 0 line that had a 32bp deletion in exon 1 of the TMEM70 gene, and performed a biological replicate by again 1 0 1 enriching mitochondria from these cell lines and repeating the complexome profiling. The deletion in exon 1 of 1 0 2 TMEM70 causes a frameshift and a premature stop codon in the cDNA, with no detectable presence of the 1 0 3 protein by MS/MS (Table 2) . Complexome profiling, which consists of a BN-PAGE followed by mass 1 0 4 spectrometry, allows us to see the majority of the proteins belonging to each of the native complexes and their 1 0 5 distribution over the various assembly intermediates 30, 31 . In the six complexome profiles, four controls and two 1 0 6
TMEM70 knockouts, we detected in total 3766 proteins, of which 814 are annotated as mitochondrial in 1 0 7
MitoCarta 2.0 32 . The profiles were normalized such that the sum of the intensities of the mitochondrial proteins 1 0 8 between the samples were equal, and the profiles were aligned with COPAL 33 to allow comparison between the 1 0 9
replicates (see Supplementary Table S4 for the complete results).
In order to assess the overall effects caused by the lack of TMEM70 on OXPHOS, and to confirm its interactions 1 1 1 with complexes I and V suggested by our BioID results (Table 1) as well as by previous studies 6,22 , we measured 1 1 2 the presence of the subunits belonging to the fully formed OXPHOS complexes (see Methods). We observed a 1 1 3 significant decrease in the abundance of the subunits belonging to CI and CV and small, non-significant 1 1 4 increases in the other three OXPHOS complexes ( Fig. 1a ; p values: CI -1.4e-12 (median ~60% compared to 1 1 5 controls), CII -0.125, CIII -0.322, CIV -0.204, CV -1.5e-5 (median ~30% compared to controls), Wilcoxon 1 1 6 signed-rank test, Supplementary Fig. S2 ). We also tested their enzymatic activities by spectrophotometric 1 1 7
analysis and, accordingly, results showed a 30% decrease in CI activity (p = 0.156) and a 70% decrease and CV 1 1 8 activity (p = 0.009), Fig. 1b ), whereas the other OXPHOS complexes showed no apparent change in activity. Furthermore, we also observed a reduction in fully formed complexes I and V in BN-PAGE/immunoblotting 1 2 0 analysis in KO conditions compared to controls ( Supplementary Fig. S3 ). intermediates accumulate in the absence of TMEM70, suggesting that the impairment in the pathway comes 3 0 0 right after their assembly. In the case of Q/P P -a, and following one of the alternative assembly pathways 3 0 1
( Supplementary Fig. S6 ), its accumulation could be caused by a reduction of forming the intermediate P P -b/P D -a. If we follow the other alternative assembly pathway (Fig. 2) , intermediate Q/P P accumulation followed by Q/P 3 0 3 depletion, suggests a problem with the incorporation of P D -a and P D -b intermediates, the latter of which also 3 0 4 accumulates in the TMEM70 KO. The interaction between CI and TMEM70 is in line with a previous study by 3 0 5
Guarini et al. 37 , who showed TMEM70 as a significant interactor of ECSIT and NDUFS5, both proteins 3 0 6
belonging to the P P -b/P D -a intermediate and, in the case of ECSIT, also part of the Q/P P intermediate. The interaction of TMEM70 with proteins of the P P module 37 , the comigration with the distal part (P D ) of CI 6 , and the 3 0 8 accumulation of Q/P P -a, Q/P P and P D -b intermediates together with the depletion of P P -b/P D -a and Q/P 3 0 9
intermediates, suggests that TMEM70 is involved in the assembly of the membrane arm (P-module) of CI by complexes. We performed confocal microscopy for analysis of GFP-tagged TMEM186 and TMEM223. The analysis showed the predominant localization of both proteins in the mitochondria, something that we could assembly. Additional studies are required to determine if this protein functions in CI assembly. It is interesting and unusual that a single protein TMEM70 would be involved in the assembly of two different 3 4 6
OXPHOS complexes, CI and CV. A common denominator based on our results is that, in both cases, it appears 3 4 7
to recruit proteins to membrane intermediates during the assembly of the enzymes. Such a combination of 3 4 8
hydrophobic and hydrophilic interactions would be consistent with the topology of the protein that contains two 3 4 9
well conserved transmembrane helices together with a long (~100 amino acids) tail that protrudes into the 3 5 0 matrix. Mrx15, the yeast homolog of TMEM70 and the ortholog of TMEM223, appears to tether the 3 5 1 mitochondrial ribosome to the membrane during translation, using the hydrophilic C terminus to interact with the 3 5 2 large subunit of the mitochondrial ribosome while the N terminus forms a hairpin in the inner mitochondrial 3 5 3 membrane. We hypothesize that TMEM70 has a similar tethering role to in the assembly of complexes I and V. Respiratory chain enzyme analysis in HAP1 were performed as described before 41 . Values are expressed relative 3 5 9
to the mitochondrial reference enzyme citrate synthase 42 . knockout cell line is shown. One-dimensional 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and 4%-12% 3 7 7
blue-native (BN)-PAGE was performed as described previously 43 . Lanes were loaded with 40 (SDS analysis) or immunoblotting, mitoplasts were solubilized with n-dodecylβ -D-maltoside, whereas for complexome profiling 3 8 0
the solubilization was done with digitonin to preserve supercomplexes. After electrophoresis, gels were Immunodetection was performed by the use of the following primary antibodies: CI-NDUFS3, CII-SDHA, CIII- anti-mouse IRDye CW 680 or IRDye CW 800 were used as secondary antibodies, to detect the proteins using the 3 9 0
Odyssey system from LI-CORBiosciences. Secondary detection was performed using peroxidase-conjugated 3 9 1
anti-mouse or anti-rabbit IgGs (Life Technologies). Immunoreactive bands were visualized using the enhanced 3 9 2 chemiluminescence kit (Thermo Scientific) and detected using the Chemidoc XRS+system (Biorad). Pulse labelling of mitochondrial translation products 3 9 5
In vitro labelling of mitochondrial translation products was performed as described previously 35 . First, cells were 3 9 6 incubated for 30 minutes with methionine, cysteine and glutamine free DMEM (Gibco) supplemented with Clonase II Enzyme Mix. The pDONR201-TMEM70 was recombined with the pDEST5-BirA*-FLAG-C-ter 4 0 6
using the LR Clonase II Enzyme Mix (Invitrogen). Flp-In T-Rex HEK293 cells were grown in DMEM 4 0 7
supplemented with 10% FBS and 1% pen/strep (100 U/ml). One day before transfection Pen/strep is removed.
When reached 60-80% confluence cells were transfected with each of the constructs with pOG44 using 4 0 9
Superfect. Cells were refreshed 3h after transfection. After 48h cells were selected by the addition of construct. After 24h the cells were washed with PBS 1X twice and placed in complete medium for 3h. Afterwards, a final concentration of 50 μ M of biotin was added to the cells to start the biotinylation process 46 .
1 8
After 24h cells were washed, collected and lysed in lysis buffer (50 mM Tris-HCl pH7.4, 500 mM NaCl, 0.4% 4 1 9
SDS, 1 mM DTT and 1x Protease inhibitor) with 2% TX100 and then sonicated twice. Pre-chilled 50 mM Tris-
HCl pH7.8 was added before the third sonication and then all samples were collected at 16.500g for 10 minutes 4 2 1 at 4 °C. Supernatant was added to the pre-equilibrated dynabeads and it was incubated overnight in the rotator. gently by pipetting, then the sample was snap frozen in LN2 and stored at -80 degrees.
2 8
To prepare the beads first we added 1 μ l of reduction buffer (10mM DTT) for 30' at RT, then 1 μ l alkylation 4 2 9
buffer (50 mM chloroacetamide in 50mM ABC) and incubated for 20' at room temperature (light protected). HPLC water) was added and the eluate was collected in 0.5 ml reaction vials. All samples were concentrated and 4 3 7
dried. Afterwards, 25 μ l of buffer A was added and sonicated 2' in water bath before using the detergent removal rank-sum test, FDR 0.05) with respect to their own control runs, were considered as potential interacting Complexome profiling was performed essentially as described previously 6,31 , except for the chymotrypsin where further processed. with the same solution (AHC) to remove the excess of dye. Afterwards by centrifugation (600 x g, 3min, RT) the 4 6 0 excess of solution was removed and in-gel tryptic digest of the gel slices was performed as described before 6,31 .
6 1
Gel slices were incubated with 120 µl of 5mM dithiothreitol for 60 minutes which afterwards was removed by 4 6 2 centrifugation, and then 120µl of 15mM chloroacetamide were added to each well and also removed after 45 After analysis in Maxquant, the complexome profiles were normalised to correct for varying intensities. Profiles were corrected so that the sum of intensities of proteins annotated as mitochondrial in MitoCarta 2.0 32 are equal 4 9 4 between samples. After normalisation, the profiles were aligned in silico with COPAL 33 to correct for technical 4 9 5 2 3 variation caused by shifts in protein migration across the gel. Gaps introduced in the alignment were filled by 4 9 6
linear interpolation based on its adjacent values. Normalized iBAQ values were taken from the profiles after aligning them with COPAL 33 (Supplementary Table   5 0 0 S4). In the case of fully assembled complexes, subunits belonging to CI (NDUFB3, NDUFC2, NDUFB1,
NDUFA13, NDUFA12, NDUFB9, ND1, ND2, ND3, ND4, ND5, ND6), CII (SDHA, SDHB, SDHC, SDHD), belonging to all the previously described intermediates of CI assembly 6 , namely, Q/P P -a (NDUFA5, NDUFS2, ATP5SL, NDUFAB1, NDUFB7, NDUFB3, NDUFB8, ND5, NDUFB9, NDUFB2, NDUFS5) were considered.
2 0
Regarding CV intermediates, subunits belonging to intermediates described in Supplementary Fig. S7 were ATP5L). For each subunit, we considered and averaged all three values from the peak matching the mass of the 5 2 4
complex and its flanking values. Then, we averaged them per condition, finally obtaining one value per subunit. We compared these values between control and KO conditions in a paired manner per subunit using a non-
parametric test (Wilcoxon rank-sum test). For intermediates Q/P P and P P -b/P D -a, given their partial overlap due 5 2 7
to their similar mass, we selected subunits that are not shared between them in order to be able to measure their 5 2 8 behaviour independently. Protein sequences were manually selected from search results obtained with the jackhmmer tool from HMMER 49 5 4 7 version 3.1b2. We initiated the search with TMEM70, TMEM186 or TMEM223 and searched against the 5 4 8
UniProtKB database, iterating until getting back all three human paralogs (6, 6 and 5 iterations, respectively). In 5 4 9
none of the cases did we retrieve other human proteins than TMEM70, TMEM186 or TMEM223. In order to 5 5 0 obtain as many sequences from different phyla as possible, we repeated the strategy using the PSI-BLAST 5 5 1 algorithm from BLAST 50 searching against the refseq protein database. After selecting the sequences, we aligned ON" parameters set. The obtained alignment was manually refined by deleting large gaps caused by apparent 5 5 4
insertions in only few aligned sequences. Finally, in order to unravel the orthologous groups, we reconstructed 5 5 5 2 5
the phylogenetic tree with PhyML 52 version 20120412 and its automatic model selection SMS 53 using Bayesian 5 5 6
Information Criterion. The resulting tree was plotted with iTOL 54 version 3.5.4. 5 5 7 5 5 8
Co-evolution screen for TMEM70 5 5 9
We employed an in-house orthology database containing 52 diverse eukaryotic species to derive phylogenetic 5 6 0
profiles for all human proteins as previously described by van Dam et al. 55 . Shortly, we collected high quality profiles were computed for each human protein based on the orthologous group they were mapped to. Proteins reflecting the presence of an orthologous group member in a particular species. These profiles, and a species tree 5 6 5
for all 52 species as created before 55 were used as input for the Perl script to derive the differential Dollo Disease Foundation (UMDF). The authors declare no competing interests. 
